The spectrum of the solar corona and plasma spectra in astrophysical objects and fusion devices exhibit forbidden lines in alkali-like ions. Ions belonging to the iron group are particularly important in this respect. The electric quadrupole (E2) transitions for Fe xvi are computed using the highly correlated relativistic wave function obtained by using coupled cluster theory including all single, double, and some triple excitations from the core. Term values of the present ion obtained by our method are compared with the available experimental and theoretical data. The detailed highly accurate relativistic data for line strengths and transition probabilities are presented for a large number of transitions of low transition rates, and a few of both of them are compared with existing data as samples.
INTRODUCTION
The study of atomic transition is a subject of considerable interest in many fields. The extremely hot environment of the stars (for instance, the corona of the sun and planetary nebulae) show abundances (Feldman 1992 ) of the highly stripped ions. With the advent of high-resolution spectrographs, observation of weak or forbidden transition lines becomes possible, and they are of great astrophysical interest. Many astrophysical phenomena such as coronal heating, the evolution of many chemical compositions in the stellar envelope, and the determination of the chemistry in planetary nebulae precursors' envelopes are believed to be explained largely by these forbidden lines.
In astrophysics, the study of transition probabilities plays an important role in the determination of atomic abundances. In controlled thermonuclear reactions, atomic radiation is one of the primary loss mechanisms. In laboratory tokamak plasmas and in various astronomical objects, suitably chosen electric quadrupole (E2) forbidden lines serve as a basis for reliable electron density and/or temperature diagnostics (Biemont & Zeippen 1996) . Accurate estimates of radiative transition probabilities between multiplet states are an important source for the successful experimental identification of the spectra of astrophysical and laboratory plasmas. Probabilities of magnetic dipole and electric quadrupole transitions, in particular, are important in plasma diagnostics, but the experimental determination of these quantities is difficult, and only an accurate theoretical calculation can provide important information.
In the present article we are interested in studying the electric quadrupole transition properties of the Na-like highly stripped ion Fe xvi. We have successfully (Ray 2002a ) performed similar calculations for Co xvii (Ray 2002b) and Ni xviii (Ray & Das 2002) that are in very good agreement with the other relativistic and nonrelativistic calculations. Tull et al. (1972) have mentioned the additional need for both theoretical and experimental studies on such systems. The present availability of intense tunable radiation sources has made it feasible to measure transition probabilities of electric quadrupole (E2) transition. However, no experimental E2 transition probability data on Fe xvi appear to be available in the literature.
A number of theoretical calculations on electric and magnetic multipole transition rates have been performed in recent years using various approximations (Huang 1985; Johnson, Plante, & Sapirstein 1995; Safronova, Johnson, & Livingston 1999; Avgoustoglou & Beck 1998; Beck 1998; Ishikawa & Vilkas 2001) , and it has become evident that accurate, correlated wave functions must be employed to evaluate the transition rate accurately. For the electric dipole forbidden transition in high-Z ions, electric quadrupole (E2) transition rates are dominant over magnetic dipole (M1) rates. High-precision calculation of transition energies as well as of wave functions is necessary because E2 transition rates involve a fifth-power dependence on transition energy. A relativistic description is required for describing the highly stripped ions such as Fe xvi where the orbital electrons probe regions of space with high potential energy near the atomic nuclei. The primary effect of this relativistic description is to include changes in spatial and momentum distributions, spin-orbit interactions, quantum electrodynamic corrections such as the Lamb shift, and vacuum polarization, whereas the secondary effect in many-electron systems is the modification of orbitals due to shielding of the other electrons in penetrating orbits.
In the present calculation we have used an improved methodology (Majumder et al. 2001 ) of generating the basis set. The Dirac-Hartree-Fock method adapted in the numerical MCDF GRASP code by Parpia (1992) is able to generate only the bound orbitals because of the boundary conditions imposed to solve the differential equation; generating higher orbitals creates a convergence problem. The Gaussian basis set expansion method is able to generate both the bound and continuum orbitals solving the Dirac-Hartree-Fock equation, but these orbitals are highly dependent on two arbitrary parameters, known in the literature as 0 and ; there is a great debate on the choice of these two parameters. In our calculation we have chosen a basis of a total of 98 orbitals with both bound and continuum; the continuum orbitals are confined within a maximum energy of 500 a.u. All the bound orbitals in our basis are obtained by using the MCDF GRASP code (Parpia 1992) , and the rest continuum orbitals are from the Gaussian code (Chaudhuri, Panda, & Das 1999) 7=2 , and four each of the g 7=2 and g 9=2 orbitals up to 8g 7=2 and 8g 9=2 as bound orbitals; the rest in our basis are virtual orbitals. These two different types of orbitals, bound and continuum, are generated by two different codes, so they may not be orthogonal. We are considering that the MCDF GRASP orbitals are closer to the actual orbitals since they are obtained by imposing the proper physical boundary conditions. In our methodology, first we make the virtual orbitals orthogonal to the more accurate GRASP orbitals one by one following the Schmidt orthogonalization principle. These new orthogonal virtual orbitals are normalized using the same Fock space. We have adapted a total of 12 s orbitals up to 12s; 11 each of the p 1=2 , p 3=2 , d 3=2 , d 5=2 , f 5=2 , and f 7=2 orbitals up to 12p 1=2 , 12p 3=2 , 13d 3=2 , 13d 5=2 , 14f 5=2 , and 14f 7=2 ; and 10 each of the g 7=2 and g 9=2 orbitals up to 14g 7=2 and 14g 9=2 . The motivation in choosing such an improved basis is to make the basis orbitals as close as possible to the actual physical orbitals so that it can provide more accurate data in a finite set. However, the Slater determinant formed by these orbitals to represent the atomic state function are deficient from the physical point of view because of the lack of the correlation effect that is approximated by an equivalent single-particle potential in the Dirac-Hartree-Fock theory. How the effect of correlation can be included properly in a many-electron system is a great challenge to quantum chemists and atomic and molecular physicists.
One of the most advanced methods for treating this problem is the coupled cluster method (CCM; Bishop & Kümmel 1987) . It is a quantum many-body method in which the wave function is decomposed in terms of amplitudes for exciting clusters of a finite number of particles. The development of this theory was started in the nuclear physics community by Coester and Kü mmel (Coester 1958; Coester & Kü mmel 1960) and was later introduced in quantum chemistry by Cizek and coworkers (Paldus et al. 1978; Paldus 1983) ; it was applicable mainly to the closed shell system. Subsequent development of this theory using the idea of complete model spaces (Lindgren 1978; Ey 1978; Mukherjee 1986; Lindgren & Mukherjee 1987 ) and a Hermitian formulation (Lindgren 1991) of the CCM has led to connected cluster operators and an effective Hamiltonian, also for an incomplete model space. 
Coupled Cluster Method
The idea of the CCM is as follows: two particles in the filled Fermi sea interact with each other and lift themselves out of the Fermi sea, so that after the interaction both particles are in orbitals that in the previous simplified picture were unoccupied. This process may be described by a quantum mechanical operator S 2 that acts on the Fermi sea wave function (say jÈi) to produce the wave function S 2 jÈi, which describes two particles outside the Fermi sea and consequently two holes inside it, and all remaining N À 2 particles are in their previous orbitals, where N is the total number of electrons present in the atom.
It may also happen that two pairs of particles do this completely independently. This process may be described by applying this operator S 2 twice and so on, with the proviso that we must include the proper weighting factor. By the principle of linear superposition, the total amplitude for excitation of an arbitrary number(s) m (including zero) of independent pairs is
Simultaneous excitation of three particles can be described by a contribution S 3 jÈi to the exact wave function, and the simultaneous excitation of n independent triplets will be ð1=n!ÞS n 3 jÈi. We must count also the possibility of simultaneous excitation of pairs and triplets. Again by linear superposition, the amplitude for simultaneous excitation of m pairs and n triplets from the Fermi sea is ð1=m!n!ÞS m 2 S n 3 jÈi. Here S 2 and S 3 are independent processes, so they commute, and we need not worry about their ordering. Summing over all possible values of m and n leads to the amplitude e ðS 2 þS 3 Þ jÈi for the total effect of all pair and triplet excitations. Proceeding in this way with the excitation of clusters of 4, 5, . . ., N particles, we arrive at a wave function
where
Here S n indicates excitation of n particles at a time. Hubbard (1957) noticed first that the operator generating the wave function of a quantum many-body system has an exponential form. This exponential representation may be regarded as an expansion of the exact wave function in a complete orthonormal basis. But we have to keep always in mind the arguments we have used. Such an interpretation of the wave function is very useful in practical application of the CCM. Because of its wide range of applicability in different fields of many-body systems of both bosons and fermions, quite regardless of the type and range of interaction, and for yielding high-precision results for the ground state as well as low-energy excited states, it is considered a universal theory for including correlation in many-body physics. The CCM equations for the matrix elements of S n are easily obtained by projecting the Schrö dinger equation
onto the complete N-body space spanned by the Fermi sea states and those states obtained by creating n general particle-hole excitations out of it. This yields a series of coupled equations, each of which contains a finite number of terms. The excitation operators can be written as
and so on. Here i and j are the hole annihilation, a þ and b þ are the particle creation operators, and s a i and s ab ij are the amplitudes for single-particle and two-particle excitations, respectively.
The first equation in this series yields an expression for E. Because of the special form of the above Schrö dinger equation, the remaining equations do not involve the energy E or other macroscopic terms and represent a truly microscopic decomposition of the Schrö dinger equation into a set of coupled equations that describe the dynamics of the N-body clusters. These equations are intrinsically nonlinear. We consider all the single (S 1 ), double (S 2 ; S 1 Â S 1 ), and some disconnected triple (S 2 Â S 1 ) excitations (Bartlett 1995) from the core in the present calculation.
Electric Quadrupole (E2) Transition
The matrix element for electric quadrupole transitions iŝ
where jÉ i i and jÉ f i denote the initial and final atomic state functions, respectively. Here electric quadrupole operatorQ Q is a rank 2 tensor and may be written aŝ
The line strength is defined as
Applying the Wigner-Eckart theorem, the above expression transforms to
The transition probability (per second) for the present E2 transition is related to the line strength (in atomic or e 2 a 4 0 units) by the relation (Sobel'man 1972)
Here is the wavelength in angstroms of the associated electromagnetic radiation, A is the transition probability, and g f is the degeneracy of the final state.
Computation Using CCM
The expression for the present E2 transition using the CCM is
where T, S i , and S f are the cluster operators for excitations from the core and the valence orbitals in the initial and final states, respectively. The connected parts of equations (12) and (13) will contribute, and hence we compute only those parts in our quadrupole matrix element calculation. Here jÈ 0 i i and jÈ 0 f i are the Slater determinants obtained by using the Dirac-Hartree-Fock single-particle orbitals.
RESULTS AND DISCUSSION
We are presenting theoretical data for the term values, E2 transition line strengths, and transition probabilities that are far more accurate. First, we have used fully relativistic Dirac-Hartree-Fock orbitals, and second, we have included the effect of Coulomb correlation through an ab initio allorder many-body coupled cluster theory. It should be noted that the present coupled cluster theory is equivalent to an all-order many-body perturbation theory. We have included all the single (S 1 ), double (S 2 ; S 1 Â S 1 ), and some disconnected triple (S 2 Â S 1 ) excitations from the atomic core in our calculations. In Table 1 , we compare our term values with the corresponding available experimental data (Feldman 1971) and theoretical data (Tull et al. 1972) . In their calculation of term values, Tull et al. (1972) have included the relativistic effects through a first-order perturbation theory using nonrelativistic frozen core type Hartree-Fock orbitals. The percentage errors with respect to the observed values are presented in the same table for both the theoretical results and for the theoretical results obtained by the simple Dirac-Hartree-Fock theory. We have used negative signs to indicate the direction of error, that is, whether it is below the corresponding observed values or above the corresponding observed values. A negative sign before the error indicates that the experimental values are lower than the theoretical values, and no negative sign indicates that the experimental values are higher than the theoretical values, in the present data set. The effect of the Coulomb correlation can be understood by comparing the columns with footnotes '' a '' and '' b.'' All our theoretical results indicate the importance of correlation in such a system. The effect of correlation is greater in low-lying states and in all the p orbitals. Again it is to be noted that the effect of correlations have changed all the errors to negative, which indicates that in the present improved situation, all the theoretical values are a little higher than the experimental term values. However, the low-lying p 3=2 , d 3=2 , and d 5=2 have a greater deviation; the percentage error is 10 À1 , whereas in other cases it is 10 À2 . In Table 2 , a few of our line strength data are compared with the existing line strength data (Tull et al. 1972; Charro, Bielinska-Waz, & Martin 2000) . They are in good agreement with both the theories. Similarly, in Table 3 we have compared a few of our transition probability data with the existing relativistic transition probability data (Fuhr, Martin, & Wiese 1988) . Our transition probability data are also in agreement with theirs.
In Table 4 , which appears in full in the electronic version of this article, our detailed present data for line strengths and transition probabilities are reported. All our line strength data are very close to the results of Charro et al. (2000) and Tull et al. (1972) ; to compare with them one has to multiply our line strength data in Table 4 by a constant factor of 1= ffiffi ffi 2 p . This factor arises simply because of the use of a different formulation. We have used the formulation prescribed by Sobel'man (1972) . All our transition probability data are also in good agreement with Fuhr et al. (1988) . The relativistic quantum defect orbital method adapted by them (Charro et al. 2000 ) is quasi-relativistic in nature, while Tull et al. have adapted a nonrelativistic approach where the relativistic correction to the term values is Tull et al. 1972. performed by using a first-order perturbation theory. They both have supplied the E2 transition line strength data. However, detailed relativistic E2 transition probability data are compiled by Fuhr et al. (1988) . In our calculation there are some new results both for E2 line strength and E2 transition probabilities that are reported for the first time.
CONCLUSIONS
The continuing developments in astrophysical and astronomical observations demand accurate theoretical transition data to determine stellar chemical composition. Our theoretical data obtained from the highly correlated manybody coupled cluster method using fully relativistic DiracHartree-Fock orbitals generated by an improved methodology of forming a basis set are definitely very accurate for the highly stripped Na-like ion Fe xvi and can partially meet the present requirement.
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